The chromosomal region containing the tub locus has After the initial discovery of the tubby mouse at the Jackson Laboratory, the mutation was transferred to a been implicated in two different polygenic mouse models of obesity and diabetes. Using a (C57BL/6J ϫ Mus C57BL/6J-Hbb p congenic strain by directed breeding. The resulting line was maintained by selection for heterspretus) ϫ C57BL/6J interspecific backcross (BSB), Warden and coworkers (1995) mapped a quantitative ozygosity at the Hbb locus by electrophoretic analysis of the protein polymorphism (Coleman and Eicher, 1990) . trait locus (QTL) that contributes to diet-induced obesity to a 25 cM interval on chromosome 7 that includes the Since all tubby mice derive from this maintenance stock, the tub heterozygotes used to found our colony were tub locus. In this cross the Mus spretus allele contributes to increased body fat, cholesterol, and hepatic lipase heterozygous for a region encompassing Hbb and tub. Therefore the maintenance stock animals could be exactivity. Obesity in this model is far less severe than that observed in the monogenic murine obesity models such ploited as a second segregating mapping cross. By genotyping the parental congenic strain C57BL/6J-Hbb p as tubby or obese. Seldin and coworkers (1994) have independently mapped a locus controlling insulin levels and C57BL/6J, we showed that the initial congenic interval included the region between D7Mit39 and D7Mit222. to the same region on chromosome 7 in recombinant inbred strains derived from C57BL/6J (diabetes suscepIn our tub colony the interval no longer extended beyond D7Mit53, establishing this marker as distal to tub. Furtible) and A/J (diabetes resistant).
In this paper, we report the positional cloning and thermore, genotyping of 394 meioses from the maintenance stock identified a single recombinant between initial characterization of the defective gene in the tubby obesity mutant. The wild-type transcript is predomitub and D7Mit130 that established this as the new distal flanking marker. Combining this data from the maintenantly expressed in the brain. In situ hybridization shows expression in the paraventricular, ventromedial, and arnance cross with the data from the tub ϫ DBA F1 intercross suggested that the minimal genetic interval for cuate neurons of the hypothalamus-regions of the brain involved in body weight regulation (Shor-Posner tubby was defined by D7Mit17 and D7Mit130. The estimated distance between these genetic markers, based et al., 1985) . The tub gene undergoes alternative splicing to produce at least two different transcripts. A distinct on genotyping of 982 meioses of the European backcross panel, is 0.25 cM. In total, combining both tub ratio of these alternative tub transcripts is observed in M. spretus. This allele of tub may be a candidate gene crosses, 1232 meioses were genotyped (European Backcross Collaborative Group, 1994) . The genetic orfor the previously reported obesity QTL that maps to the tubby region on mouse chromosome 7.
der and distances between all the informative markers in the region as determined by genotyping of the European backcross are shown in Figure 1A .
Results
In order to build a resource for the recovery and ordering of additional genetic markers as well as a source of Genetic and Physical Mapping In anticipation of positional cloning, the tub locus was genomic DNA to support gene identification, a physical map of the tub region was constructed ( Figure 1B ). An precisely localized by high resolution genetic mapping. Mapping data was derived from two independent initial scaffold map was built by sequence-tagged sitebased (STS-based) polymerase chain reaction (PCR) crosses segregating the tubby phenotype. The larger of the two crosses was a (C57BL/6J-tub ϫ DBA/2J) F1 screening of available yeast artificial chromosome (YAC) libraries using publicly available SSLP markers intercross from which 838 meioses were analyzed. Mice were phenotyped for their weight. Our initial analysis of (D7Mit17, 127, 219, 63, 280, 235, and 236) as well as markers generated from YAC DNA by a variety of stanthe segregation of the obesity phenotype in this cross suggested sex differences in expression of the phenodard methods. YACs isolated from two independent libraries were assembled into a single contig spanning type as well as the existence of phenocopies. Careful review of the data established the following criteria for the entire tub interval.
To confirm the validity of our YAC contig and to faciliassigning affectation status: females >43 g were classified as tubby, < 35 g as normal, and 35-43 g as unknown;
tate gene identification in the region, we constructed a bacterial artificial chromosome/bacteriophage P1 (BAC/ males > 55 g were classified as tubby and all others classified as unknown. Both male and female animals P1) contig across the tub minimal genetic region. By were phenotyped between 120 and 150 days of age.
screening commercially available mouse BAC and P1 All F2 animals recombinant in the minimal region were genomic libraries using 25 STSs from the region we progeny tested to confirm assignment of phenotype.
identified a minimal tiling path of 13 P1 and BAC clones Previous reports suggested that the tub locus was that spanned the tub region with the exception of a closely linked to Hbb on mouse chromosome 7 (Colesingle gap between B15 and B12 ( Figure 1B ). man and Eicher 1990; Jones et al., 1992) . Analysis of 838 meioses from the tub ϫ DBA segregating cross with Identification of the Tubby Mutation simple sequence length polymorphism (SSLP) genetic Candidate genes were identified by three different methmarkers confirmed this localization and established that ods. Initially, previously identified genes known to map tub lay between D7Mit17 and D7Mit281. Two indepento mouse chromosome 7 or the human syntenic region dent recombinants between tub and D7Mit17 estab-(11p15) were further localized to the tub interval by gelished it as the proximal flanking marker. The identificanetic and physical mapping. The genes Rhombotin-1 tion of 5 independent recombinants between tub and (Boehm et al., 1991) and HTS1 (Lichy et al., 1992) both D7Mit281 established the latter as a distal flanking marker.
map to the tub region and their location is indicated in Figure 1B . Additional genes were identified by a combi-C57BL/6J RNA. Screening of two independent cDNA libraries using P8X1 and fume009, a 1.15kb partial cDNA, nation of exon trapping and sample sequencing (Buckler et al., 1991; Claverie, 1994) . Potential exons were clusidentified cDNA clones encompassing the entire coding region. The sequence of the open reading frame and tered into putative transcription units based upon physical mapping information and/or by tissue expression the predicted translated polypeptide is shown in Figure  3A . Exon boundaries were determined by comparison profiles as assayed by Northern analysis or reverse transcriptase-polymerase chain reaction (RT-PCR).
of the cDNA sequence with genomic sequence obtained from the exon trapped and random clones. A total of 12 We identified several exons by exon trapping and sequence sampling of the P1 clone P8. RT-PCR analysis exons contain the complete open reading frame. RT-PCR analysis using primers derived from two indeof a subset of these exons demonstrated predominant expression in whole brain and hypothalamus, sugpendently isolated exons demonstrated a 0.4 kb size difference between normal and tubby RNAs (data not gesting that they might be derived from a single gene (data not shown). Northern analysis using one of these shown). Sequencing of these PCR products and those amplified from the genomic DNA with the same primers fragments, P8X1, confirmed this restricted tissue distribution and also revealed a transcript size difference revealed a single base pair substitution (G→T) in tubby genomic DNA that abolishes a donor splice site (GT→TT; between normal and tubby RNA (Figure 2 ). The wildtype transcript (referred to as CBT9) was 7 kb and was Figure 3B ). As a result, a 398 bp intron between exons 11 and 12 is not removed from the tub transcript acdetectable only in brain. The transcript in tubby RNA was ‫5.7ف‬ kb and about 4-fold more abundant than in counting for the change in size detected by RT-PCR and Northern analysis. An in-frame stop found 72 bp NZW/LacJ, P/J, PL/J, RIIIS/J, SEA/GnJ, SEC/ReJ, SM/J, and 101/H. In all of these strains, the DNA sequence at into the intron is presumed to result in premature termination of translation. The predicted tubby mutant protein the putative mutation site was identical to that observed in the wild-type C57BL/6J. lacks the 44 carboxy amino acids encoded by the final exon and instead contains 24 amino acids encoded by the intron before the in-frame stop codon ( Figure 3A) .
Variant Alternative Splicing in the M. spretus Mouse Strain We verified by direct sequencing a complete correlation between presence of the observed sequence variation Previous QTL analysis of diet-induced obesity in an interspecific F1 backcross, (C57BL/6J ϫ M. spretus) ϫ and the tubby phenotype in all the recombinant mice.
tubby originally arose as a spontaneous mutation in C57BL/6J (referred to as BSB), has suggested tub as a candidate gene (Warden et al., 1995) . An independent a C57BL/6J colony in 1977 (Coleman and Eicher, 1990) . Thus, we might expect few sequence differences bestudy exploring the genetic basis for diet-induced diabetes in A/J ϫ C57BL/6J recombinant inbred strains has tween C57BL/6J and tubby genomes unrelated to the mutation responsible for the obesity phenotype. Neveralso suggested tub as a candidate gene (Seldin et al., 1994) . In order to test whether sequence variation at the theless, to confirm that the sequence change we had identified did not simply represent a polymorphism, we tub locus may be the basis of either of these QTLs, we sequenced the entire coding region of tub in M. spretus sequenced the splice site in the following 32 mouse strains: M. spretus, A/J, AKR/J, AU/SsJ, BDP/J, BUB/ and A/J. We found no nonconservative amino acids changes in either strain as compared to C57BL/6J, but BnJ, C57BR/cdJ, C3H/BuJ, C57BL/10J, C57L/J, C58/J, C3HeB/FeJ, CE/J, CBA/J, DBA/1LacJ, DBA/2J, FS/Ei, we did detect variant alternative splicing in the M. spretus strain. RT-PCR from mouse brain RNA using HRS/J, I/LnJ, LG/J, LP/J, LT/Sv, MA/MyJ, NZB/B1NJ, primers from exons 4 and 6 results in two products Sequencing of the human coding sequence revealed a high level of conservation between human and mouse (exons encompassing the open reading frame are numbered 1 to 12; Figure 3 ). Sequencing of these products at both the DNA (89% identity) and amino acid level (94% identity) with a single additional amino acid in the showed that they differ by the presence or absence of exon 5 (amino acids 153-208). RT-PCR of RNA from human sequence. The carboxy half of the protein in particular appears highly conserved. The final 260 amino C57BL/6J mice consistently yields more of the product containing exon 5. We found the same to be true for 7 acids in human and mouse differ by only a single residue ( Figure 5 ). other strains tested (129/J, C57BL/KsJ, DBA/2J, FVB/N, C3H/HeJ, LDJ/Le, and A/J). However, RT-PCR from M.
The tub gene encodes a hydrophilic protein (estimated pI ϭ 9.2) that lacks any obvious secretory sespretus brain RNA invariably shows greater abundance of the product that lacks exon 5 (Figure 4) . We showed quence, mitochondrial transit peptide, or transmembrane domain. It contains a region consisting of two this in 6 independent M. spretus mice and also found the same pattern with RNA from Mus castaneous mice. runs of serines separated by 8 acidic residues (amino acids 191-211), which could serve as a hinge between Genomic PCR revealed that the intron preceding exon 5 is 0.5 kb shorter in both M. spretus and M. castaneous.
domains of the protein. There are two potential dibasic protease cleavage sites at positions 302 and 383 as well Sequencing of part of this intron showed that the donor, acceptor, and branch point sequences are unaffected as two potential N-glycosylation sites at amino acids 205 and 426. by this deletion. This strain-specific genomic difference may represent an allele of tub that leads to obesity only
The carboxy half of the TUB protein is similar to several sequences in the public nucleotide and protein dain the context of a high fat diet. However, given the large chromosomal region that contains the BSB obesity QTL, tabases: p4-6, a mouse testis cDNA (GenBank X69827); F10B5.4 (GenBank Z48334), a C. elegans genomic it is not possible to conclude that the splicing variation we have identified is responsible for the obesity QTL.
sequence; DM87D3S, a Drosophila STS (GenBank Z50688); and ys86c04.r1, a human retinal cDNA (GenThis must await reconstitution of the M. spretus or M. castaneous tub allele on a C57BL/6J background. bank H92408), as well as several rice, maize, and Arabidopsis ESTs. The alignment of human and mouse tub to all of these previously identified sequences is shown TUB Is a Member of a Novel Protein Family A mouse CBT9 cDNA probe was used to isolate human in Figure 5 . Regions that are completely conserved in all of these sequences include the two dibasic amino cDNAs encompassing the entire open reading frame. acid residues and a cysteine as the penultimate residue Expression Studies of tub mRNA of the protein. Given its complete conservation and its
In situ hybridization of a sectioned, normal C57BL/6J location within the region deleted in the tubby mutant, mouse brain with fume009, a partial CBT9 cDNA shows it is likely that this cysteine residue is critical to the tub expression primarily in the hippocampus, hypothalanormal functioning of this class of protein.
mus, and cortex ( Figure 6 ). Weaker hybridization can With the exception of the mouse testis cDNA p4-6, be seen throughout the brain. The significance of this all of the CBT9-related sequences were identified by weaker binding is as yet unknown. Expression in the random genomic or cDNA sequencing and are functionhypothalamus is highest in the paraventricular, ventroally uncharacterized. p4-6 was isolated by screening medial, and arcuate nuclei ( Figure 6 ). of a cDNA library with a rat phosphodiesterase probe (Vambutas and Wolgemuth, 1994) . The weak sequence similarity between p4-6 and two phosphodiesterase seDiscussion quences was initially interpreted to suggest that p4-6
By positional cloning, we have identified the defect that also is a phosphodiesterase. Our own analysis, however, results in the tubby phenotype. This gene, CBT9, is reveals no evidence that p4-6 or any of the other CBT9-nonrecombinant with the obesity phenotype in 1232 related sequences show significant similarity to phosphodiesterases.
meioses. The mutation is a G→T transversion in a splice donor site resulting in a transcript containing an undamage to the arcuate nucleus may be secondary to a decrease in NPY levels (Morley, 1987) . The precise roles spliced intron. This defect is predicted to result in a partial deletion of an evolutionarily conserved region of of these different regions of the hypothalamus in feeding behavior and body weight regulation are still unclear. the protein.
tub expression in the paraventricular (PVN), ventromeHowever, the recent availability of many cloned genes implicated in obesity, now including tub, will allow more dial (VMH), and arcuate nuclei of the hypothalamus supports a role in body weight regulation or feeding behavprecise characterization of those hypothalamic neurons critical for body weight homeostasis. ior. Lesions in all three of these hypothalamic regions have been shown to affect body weight or feeding
The conservation between the carboxy half of the TUB protein and sequences from human, mouse, nematode, (Mayer et al., 1955; Harris, 1990) . In rats, it has been shown that damage to the PVN results in a large increase fruit-fly, Arabidopsis, and rice suggests that this portion of the protein represents a distinct domain with an anin food intake and body weight gain (Gold et al., 1977) . Lesions within the VMH are associated with hyperphagia cient function. The apparent absence of a yeast homolog despite the near completion of the yeast genome and severe obesity inhibited by vagotomy, implicating the autonomic nervous system in VMH-lesioned obesity sequencing project is intriguing, since it suggests the possibility that the TUB family of proteins may be re- (Bray, 1984) . The arcuate nucleus is one of the primary sites of expression of neuropeptide Y (NPY), a potent stricted to multicellular organisms.
The RT-PCR analysis shows the existence of at least upregulator of carbohydrate feeding (Levine and Morley, 1984; Stanley and Leibowitz, 1985) . Many of the NPYtwo alternatively spliced forms of the tub transcript. Elucidation of the role of the alternative transcripts awaits producing neurons in the arcuate nucleus project to the PVN (Bai et al., 1985) . Hypophagia associated with a functional assay for the TUB protein. It is intriguing, testing for susceptibility to diet-induced obesity.
BAC/P1 Cloning
The positional cloning of the tub gene has identified
The same STSs used to construct the YAC contig as well as further a molecule involved in the hypothalamic regulation of STSs derived from the YACs were used to screen the Research Genetics mouse BAC library and the Genome Systems mouse P1 body weight in the mouse. Previously, cloning of ob library. They were screened by PCR according to standard prorevealed that leptin, the protein it encodes, is a circulattocols.
ing signal of fat depot levels. Serum levels of leptin in humans are strongly correlated with body mass index,
Gene Identification Strategy
suggesting that human obesity may be insensitive to Random sequencing and exon trapping (Buckler et al., 1991) were endogenous leptin production (Considine et al., 1996) . obesity. Genes such as those that encode TUB, the (Cat. #18449-017) as described in the protocol of the manufacturer.
leptin receptor, NPY, and the NPY receptors provide DNA from the trapped clones was prepared by standard alkali lysis and sequenced using vector primers. Also, in order to identify genes entries into these pathways. The challenge going forby random sequencing, 96 randomly selected pSPL3 clones from ward is to elucidate the biochemical pathways defined each library were directly sequenced using vector primers. Furtherby those molecules as well as to determine the interplay more, BACs and P1s were also subcloned into M13mp18 for sebetween these pathways.
quencing. Sonicated BAC or P1 DNA was electrophoresed and fragments in the size range 0.8-1.2 kb were purified and cloned into
Experimental Procedures
M13mp18. Both random clones and exon trapped clones were sequenced. All sequences were passed through an automated Genetic Mapping sequence analysis pipeline that assessed quality, removed vector The PCR amplification conditions for all markers were a hot start sequences, masked repetitive sequences, and then aligned the sewith 0.15 U of AmpliTaq, followed by 30 cycles of 94ЊC for 40 s, 55ЊC quences to public DNA and protein databases using BLAST algofor 50 s, 72ЊC for 30 s. The products were run on a nondenaturing 8% rithms (Altschul et al., 1990) . Additionally, all sequences were anaacrylamide gel at 45 W, room temperature for 3 hr. The gels were lyzed by GRAIL 1 and 1a (Xu et al., 1994) . Those sequences that stained, postelectrophoresis, with SYBR Green I and scanned on were judged to possess coding potential on the basis of these an Molecular Dynamics fluorimager.
analyses were further evaluated by RT-PCR: Primers were selected from these sequences and used for RT-PCR from RNA from 12 different tissues from both tubby and normal C57BL/6J mice. The Physical Mapping products of these reactions were directly compared with those from The STS markers used to construct the physical map were genetic mock reactions lacking reverse transcriptase to distinguish true markers from the Whitehead Institute for Genome Research (WIGR) amplification from RNA from that from contaminating DNA. This at MIT (Dietrich et al., 1996) and markers generated in-house. The analysis allowed rapid identification of expressed sequences as well primer sequences for the latter are as follows: B13T7f (GCA TGA as a nonquantitative assessment of tissue distribution. GCA GCA CTG GTT TA), B13T7r (TCC TCT CCT TCT CAG AGC CA); M65Lf (CGG AAT TCA GCA GTC GTA GA), M65Lr (TCC TTC TAG GAG CAT GCT GA); CBT9f1 (GCG GAT ACA GAC TCT CTC AT), Northern Analysis and cDNA Library Screening Total RNA was prepared from dissected mouse tissues using the CBT9r1 (GGA GAC AAA TGT CCT AGG CT); M72Rf (TGC GCA GAA ACA ATC ACC TA), M72Rr (CAA GAC GTG AAC AAC CTG GA);
RNAzol protocol (Chomczynski and Sacchi, 1987) . RNAs were electrophoresed in formaldehyde gels and blotted on to Genescreen RBTN1f (AAC CGC AAG ATC AAG GAC C), RBTN1r (GCC TCA GGT AGT CGC GTC); M65Rf (GAA CAG GAC TTG GAC GTG GT), M65Rr
Plus according to standard protocols. Membranes were UV-crosslinked and hybridized to radiolabeled probe in Church buffer at 65ЊC (AAC TCT GCA TGA CCC AGG TC); CA37f (GTA CTT AGT ATT AAC TTC AGG TC), CA37r (TGA CCA GTG GCA TAC AGA AC); B4Sp6f for 8-20 hr. Northerns were washed to a stringency of 0.1 ϫ SSC/ 0.5% SDS/65ЊC. Autoradiography was performed for 3 hr-3 days (CAT GGG CTC CTC TGC CAC CC), B4Sp6r (TAA AGT GTG GAC CAA GTA CAC); CA39f (GAG AAC AGA CTC CAC AAA TTG), CA39r using Kodak X-Omat AR film. Approximately 1 million clones of a mouse brain cDNA library (ACC TGA GAG ACT ACA TCA GG); M74Rf (AGA CAG GAA GGG GAA GGA AA), M74Rr (GGC CCT TCT GGA TGA GCT TA); HTS1f (Stratagene #936309) were screened with the RT-PCR product P8X1 (primers: P8X1F1: GCG GAT ACA GAC TCT CTC AT; P8X1R1: GAG (TGA AGA CAG CCT CAG CAC C); HTS1r (GAT GCT GTT TCA ATG CTG GA); M70Lf (TGC CAA TTG TCA AAG CTC TG), M70Lr (ATC GAC AAA TGT CCT AGG CT) by filter hybridization. A 1.15 kb cDNA clone (fume009) isolated was in turn used to screen an in-house AAA TGC CCC ATT GGA TA); P1Sp6f (ATG GGT CTC ATC TGG AAG GT), P1Sp6r (CTG AAA GAC TGG AAG AGG CA); M31Lf (AGC TCA mouse hypothalamus cDNA library (made from C57BL/6J RNA 
RT-PCR Analysis and Sequencing
First strand cDNA was synthesized from total RNA using SuperScript Campfield, L.A., Smith, F.J., Guisez, Y., Devos, R., and Burn, P. (GIBCO-BRL) according to the protocol of the supplier. Subsequent (1995) . Recombinant mouse OB protein: evidence for a peripheral PCR conditions were as follows: Hot start with 0.5 U of AmpliTaq, signal linking adiposity and central neural networks. Science 269, followed by 30 cycles of 94ЊC for 1 min, 55ЊC for 1 min, 72ЊC for 1 546-549. min. Products were electrophoresed on 2% agarose gel. RT-PCR Chen, H., Charlat, O., Tartaglia, L.A., Woolf, E.A., Weng, X., Ellis, products to be sequenced were run on LMP agarose, excised, di-S.J., Lakey, N.D., Culpepper, J., Moore, K.J., Breitbart, R.E., Duyk, gested with ␤-agarase (New England Biolabs), precipitated, and G.M., Tepper, R.I., Morgenstern, J.P. (1996) . Evidence that the diaberesuspended in water. Sequencing and sequence assembly was tes gene encodes the leptin receptor: identification of a mutation carried out as previously described (International Polycystic Kidney in the leptin receptor gene in db/db mice. Cell 84, 491-495. Disease Consortium, 1995) . Chomczynski, P., and Sacchi, N. (1987) . Single-step method of RNA In Situ Hybridization isolation by acid guanidinium thiocyanate-phenol-chloroform exFour-to six-week-old C57BL/6 mice were anethestized and pertraction. Anal. Biochem. 162, 156-159. 
